Background: Fibroblast growth factor 23 (FGF-23) is a hormone that regulates phosphorus levels and vitamin D metabolism. Previous studies have shown FGF-23 to be a risk factor for incident end-stage renal disease; however, there are less data on the association of FGF-23 with earlier kidneyrelated outcomes. Methods: Serum FGF-23 was assayed using an intact ELISA assay in 2,496 participants of the Healthy Aging and Body Composition Study, a cohort of well-functioning older adults. Kidney function was estimated by assaying cystatin C at baseline and years 3 and 10. The associations between FGF-23 and decline in kidney function (defined by estimated glomerular filtration rate (eGFR) decline ≥30% or ≥3 mL/min/year) and incident chronic kidney disease (CKD; incident eGFR <60 mL/min/1.73 m 2 and ≥1 mL/min/year decline) were evaluated. Models were adjusted for demographics, baseline eGFR, urine albumin/creatinine ratio, comorbidity, and serum calcium, phosphorus, 25(OH) vitamin D and parathyroid hormone. Results: The mean (SD) age was 75 (3) years, with 52% female and 38% black. There were 405 persons with 30% decline, 702 with >3 mL/min/year decline, and 536 with incident CKD. In fully adjusted continuous models, doubling of FGF-23 concentrations was not associated with kidney function decline (OR [95% CI] = 0.98 [0.82-1.19] for ≥30% decline and OR 1.17 [95% CI 1.00-1.37] for ≥3 mL/min/ year decline), or incident CKD (incident rate ratio [IRR] 1.05 [95% CI 0.91-1.22]). In adjusted quartile analysis, the highest quartile of FGF-23 was significantly associated with incident CKD (IRR 1.27 [95% CI 1.02-1.58] for highest vs. lowest quartile). Conclusion: Higher FGF-23 concentrations were not consistently associated with decline in kidney function or incident CKD in community-dwelling older adults.
Introduction
Fibroblast growth factor 23 (FGF-23), a hormone secreted by bone, serves as a regulator of phosphorus balance [1] and vitamin D metabolism [2] . A physiologic rise in FGF-23 is increasingly recognized as one of the earliest metabolic abnormalities that occurs in chronic kidney disease (CKD) [3] , with increases seen even with relatively preserved kidney function [4] . Although increases in FGF-23 are felt to be an appropriate physiologic response to maintain normal phosphorus balance [5] , elevated FGF-23 concentrations result in the following outcomes: mortality [6] , cardiovascular events [7] , and end-stage renal disease (ESRD) [6, [8] [9] [10] .
There is increasing interest in discovering novel biomarkers of kidney function decline, particularly in discovering those that may provide valuable prognostic information in the earlier stages of CKD or in the general population. Given the association between high FGF-23 and ESRD, FGF-23 has been hypothesized to be one such biomarker. However, there are relatively fewer data on the association between FGF-23 with more proximate kidney outcomes such as incident CKD [10] [11] [12] . Given the association seen with ESRD, we hypothesized that high FGF-23 concentrations would be associated with decline in eGFR as well as with incident CKD, independent of baseline kidney function. Therefore, within the Health Aging and Body Composition Study (Health ABC) , a large diverse cohort of elderly well-functioning adults with repeated measures of cystatin C, we assayed intact FGF-23 in order to determine the association of FGF-23 with subsequent decline in kidney function and the development of incident CKD.
Materials and Methods

Study Population
Health ABC is a prospective cohort initiated in 1997 with a goal of assessing how health conditions impact age-related physiologic and functional status. The study population consists of 3,075 participants aged 70-79 years at baseline with an equal number of men and women and 38% black. All persons included were determined to be free of disability in activities of daily living and free of functional limitation at baseline. All participants who had measures of FGF-23 at year 2 (stored samples were not available for testing from the baseline visit) and kidney function at baseline, and at least one repeat measure of kidney function at either year 3 or year 10 (n = 2,496) were included in the current study. All participants provided written consent for the study. The study was approved by institutional review boards at each participating institution and meets the requirements of the Declaration of Helsinki.
Exposure FGF-23 was measured using a commercial ELISA that detects the full-length intact peptide (Kainos Laboratories, Japan). Serum samples from the 2nd year visit were stored at -70 ° C and were not thawed until the time of analysis. This particular FGF-23 assay has a limit of detection of 3 pg/mL. Samples were assayed in batches over 2 months and the between-batch coefficient of variation was 10.7%.
Covariates
All covariates were obtained at study enrollment, with the exception of measures of mineral metabolism, which were assayed in samples obtained from the 2nd year visit. Cardiovascular disease (CVD) status was defined as a prior history of coronary artery disease, stroke, or heart failure. Diabetes was defined as use of hypoglycemic agents, self-reported history, fasting plasma glucose level ≥126 mg/dL, or 2-h oral glucose tolerance test result ≥200 mg/dL. Systolic and diastolic blood pressures were obtained by trained and certified clinical staff from the right arm using a conventional mercury sphygmomanometer with the participant in a seated position. Hypertension was defined as systolic blood pressure ≥140 mm Hg, diastolic blood pressure ≥90 mm Hg, or current use of antihypertensive medications and a self-reported physician's diagnosis of hypertension. Urine albumin to creatinine ratio (UACR) was determined at baseline. Urine albumin was measured using a particle-enhanced turbidimetric inhibition immunoassay allowing for direct albumin quantification (Siemens), while urine creatinine was measured by a modified Jaffé method on a clinical chemistry analyzer (Siemens). Measures of mineral metabolism including calcium, phosphorus, 25(OH) vitamin D, and parathyroid hormone (PTH) were measured at year 2, concurrent with FGF-23 measurement, from frozen stored samples. Intact PTH was measured in EDTA plasma using a 2-site immunoradiometric assay kit (N-tact PTHSP; DiaSorin). Serum calcium and phosphate levels were measured using direct quantitative colorimetric determination (Stanbio Laboratory, Boerne, TX, USA). Serum 25(OH) vitamin D was measured using a 2-step radioimmunoassay (25-Hydroxyvitamin D 125I RIA Kit, DiaSorin, Stillwater, MN, USA) in a laboratory meeting the vitamin D External Quality Assessment Scheme quality criteria.
Outcomes
Cystatin C was measured at baseline, as well as years 3 and 10 from stored frozen serum samples at the Health ABC core laboratory (University of Vermont, Burlington, VT, USA) using a BNII nephelometer (Dade Behring Inc., Deerfield, IL, USA) using a particle-enhanced immunonepholometric assay (N Latex Cystatin C) [13] . As in prior Health ABC studies [14, 15] , serum cystatin C was used as the primary measure of kidney function rather than serum creatinine for 2 reasons. First, cystatin C measures were calibrated across all samples, whereas there was a shift in the creatinine assay from non-IDMS traceable (baseline) to IDMS traceable during the study (years 3 and 10). Second, cystatin C is less influenced by age, sex, and race [16] and in particular muscle mass and has been shown to be more strongly associated with adverse outcomes in the elderly population [17, 18] . Among 61 healthy individuals with 3 cystatin C measurements over a 6-month period, the intra-individual coefficient of variation was 7.7%, reflecting long-term stability of the measurement. Estimated glomerular filtration rate (eGFR) was calculated using a validated cystatin C-based estimating equation [13, 19] . Using eGFR, 3 kidney outcomes were defined as follows. have argued that a 30% decline in GFR is an acceptable clinical endpoint for clinical trials, as it strongly and consistently predicts the development of ESRD [20, 21] .
Change in Kidney Function
(b) Absolute decline in kidney function was defined as a decline in eGFR of >3 mL/min/year [22] . The rate of decline per year was determined by creating a slope using either 2 (single follow-up eGFR) or 3 (2 follow-up eGFR) data points. This definition has been used in prior publications [14, 15] and has been shown to be associated with mortality in older adults [22] .
(c) Incident CKD was defined as an eGFR of <60 mL/ min/1.73 m 2 at any point during follow-up and an annual absolute decline >1 mL/min/1.73 m 2 per year, with the latter requirement in place to avoid inclusion of participants with minor changes in eGFR. Participants with an eGFR <60 mL/min/1.73 m 2 at baseline were excluded from this analysis.
Statistical Analysis
We examined baseline characteristics of participants across quartiles of FGF-23. These were summarized with means and standard deviations, or medians and interquartile ranges for highly skewed variables or proportions for categorical variables. For eGFR and UACR, we also included the proportion of participants in each quartile below or above clinically relevant cutoff points (eGFR <60 mL/min/1.73 m 2 , UACR >30 mg/g). To examine the functional form of the association between FGF-23 and each outcome, we fitted unadjusted natural cubic splines with knots placed at the quartiles and extreme values excluded so as to avoid implausible extrapolation of shapes of the association.
FGF-23 and Change in Kidney Function
Multivariable logistic regression models were used to assess the relationship between FGF-23 and 30% decline in eGFR as well as >3 mL/min/year decline in eGFR. FGF-23 was examined as both a continuous variable (log base 2, so that interpretation would be "per doubling" of the exposure) and categorized by quartiles. Model 1 was unadjusted. Multivariable models were then sequentially constructed through a series of nested models using pre-specified variables as follows: model 2: adjusted for age, sex, race, study site, and baseline eGFR; model 3: additionally adjusted for diabetes, prevalent CVD, hypertension, and urine ACR; model 4: additionally adjusted for calcium, phosphorus, 25(OH) vitamin D, and PTH. Based on a priori hypotheses that a synergistic relationship could potentially exist between FGF-23 and baseline eGFR (higher FGF-23 and lower eGFR), we evaluated if the association between FGF-23 and decline in GFR was modified by baseline eGFR by including interaction terms (with both FGF-23 and eGFR as continuous terms) in the final multivariable models. As black patients are at a higher risk for decline in kidney function [23] , we also evaluated if associations differed by race by including race as an interaction term in the final models. To test if the presence of inflammation was a potential confounder, we performed a sensitivity analysis in which baseline serum C-reactive protein concentration was added to the final model. Finally, we performed a sensitivity analysis in which we determined the association between FGF-23 and ≥40% decline in eGFR.
FGF-23 and Incident CKD
Poisson (log-link) regression was used to model the incidence rate ratio (IRR) of CKD as a function of FGF-23 concentration with robust variance estimation and an offset for followup time. Exposure variables were again examined as both linear terms and by category (quartiles) to assess for non-linear relationships based on our spline analysis. Identical multivariable models were constructed as described above, including interaction terms.
Analyses 
Results
Baseline Characteristics
Among 3,075 persons, 300 participants did not have sample available for assaying FGF-23, while 279 were missing values for cystatin C at either baseline or both follow-up visits, leaving 2,496 with complete data available for analysis. Fifty-four percent of the remaining participants had 2 follow-up measures of eGFR (years 3 and 10), while 43% had a single follow-up eGFR measure from year 3 and 3% had a single follow-up eGFR measure from year 10. The median FGF-23 level was 46 pg/mL (37-60 [25th-75th percentile]). The average (SD) age was 75 (3) years, with 52% female and 38% black ( Table 1 ). The mean baseline eGFR was 73 (18) mL/min/1.73 m 2 and 23% of participants had a baseline eGFR of less than 60 mL/min/1.73 m 2 .
Across quartiles of FGF-23, those in the highest quartile were more likely to have comorbid conditions such as diabetes, hypertension, coronary artery disease, and heart failure. In addition, those in the highest quartile also had lower baseline eGFR, were more likely to have a spot urine ACR >30 mg/g, and had higher serum calcium, phosphorus, and PTH concentrations. There were no observed differences in age, sex, and black race by category of FGF-23.
Splines
In unadjusted spline analysis, we saw no clear relationship between FGF-23 and decline in kidney function (Fig. 1) . Higher FGF-23 appeared to be linearly associated with a higher incidence of CKD, but only when values were greater than approximately 50 pg/mL.
FGF-23 and Change in Kidney Function
The median annual rate of decline for all included participants was 1.45 mL/min/year (-3.38 to 0.06 mL/ min/year for 25th and 75th percentiles). Four hundred and 5 participants (16%) experienced a relative 30% decline in kidney function, while 702 (28%) experienced an absolute decline in kidney function. Higher FGF-23 concentrations were not associated with a relative (30%) decline in kidney function or with absolute decline (Table 2). This finding was unchanged throughout all multivariable models, including after adjustment for demographics, baseline kidney function, CKD and CVD risk factors, and measures of mineral metabolism (Table 2) . Similarly, in sensitivity analyses using ≥40% decline in eGFR as the outcome variable, there was no significant association of FGF23 with eGFR decline in fully adjusted models (OR 1.10 [95% CI 0.86-1.41]). In contrast, each twofold higher FGF-23 was associated with greater odds of absolute (>3 mL/min/year) decline in kidney function in models adjusted for demographic variables, kidney function, and comorbid conditions, but not after further adjustment for measures of mineral metabolism (Table 2) .
FGF-23 and Incident CKD
Five hundred eighty 2 participants who had an eGFR <60 mL/min/1.73 m 2 at baseline were excluded from this analysis, leaving 1,914 participants available for analysis. Incident CKD was observed in 536 (25%), with an incident rate of 4.8% per year (Table 3) . Each twofold higher FGF-23 was associated with a 22% higher IRR for CKD, which lost statistical significance after adjustment for demographics and baseline eGFR. Across quartiles of FGF-23, those in the highest quartile demonstrated an IRR twice that of the lowest quartile (2.32, 95% CI 1.45-3.74), which was attenuated but remained significant across subsequent models.
Interactions and Sensitivity Analyses
No significant interactions were noted between FGF-23 and baseline eGFR with 30% decline, absolute decline, and incident CKD (all p values >0.05). Similarly, no interactions were found between FGF-23, race, and each kidney function outcome (all p values >0.05). 73 (18) 77 (17) 77 (17) 72 (17) 65 (19) eGFR <60 mL/min/1.73 m 2 , n (%)
582 (23) 96 (15) 105 (17) 145 (23) 411 (17) 83 (13) 88 (14) 99 (16) (11) 24 (12) 26 (10) 27 (11) 27 (13) Presented as mean (SD), median (25th-75th percentile), or % as appropriate. FGF-23, fibroblast growth factor 23; SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index; LDL, low density lipoprotein; HDL, high density lipoprotein; UACR, urine albumin to creatinine ratio; eGFR, estimated glomerular filtration rate based on cystatin C. Drew et al. Addition of C-reactive protein to the final adjusted model produced similar results for all 3 kidney outcomes.
Discussion
In a diverse cohort of older adults, the majority of whom did not have advanced kidney disease at baseline, we found an inconsistent association between higher FGF-23 and subsequent kidney-related outcomes. These relationships were largely attenuated when adjusting for comorbidity, kidney disease risk factors, and measures of mineral metabolism. Our results, particularly the attenuation of associations after adjustment for baseline eGFR, suggest that FGF-23 may be a marker of kidney health or function, rather than a mediator of kidney damage.
Multiple prior studies have shown a strong relationship between higher FGF-23 and subsequent risk of developing ESRD. Investigators of the Chronic Renal Insufficiency Study explored the relationship between FGF-23 and risk of ESRD in patients with moderate to advanced CKD, finding that with each standard deviation higher FGF-23 was associated with a 30-70% higher adjusted hazard for ESRD, but only for those with baseline eGFR >30 mL/min/1.73 m 2 [9] . Additionally, post hoc analyses of the Homocysteine in Kidney and End-Stage Renal Dis- ease (HOST) study demonstrated that each SD increase in FGF-23 was associated with a 60% higher hazard for ESRD in fully adjusted models [8] . FGF-23 was also shown to be an independent risk factor for ESRD in the Atherosclerosis Risk in Communities cohort, in which the majority of patients did not have CKD at baseline [10] .
The ARIC study also investigated the association between FGF-23 and incident CKD -which was defined based on a composite outcome of CKD-related International Classification of Disease diagnosis codes for hospitalizations and deaths, USRDS-identified ESRD, or the development of an incident measured eGFR <60 mL/min/1.73 m 2 and at least a 25% decline in eGFR from baseline -and found that higher FGF-23 was associated with incident CKD, which was attenuated but remained statistically significant after adjusting for baseline kidney function and comorbidity (HR 1.03 [95% CI 1.00-1.06]). The Action to Control Cardiovascular Risk in Diabetes Trial (ACCORD) also investigat- ed the relationship between FGF-23 and incident CKD in a case-cohort study of diabetic patients without CKD at baseline [12] . FGF-23 was associated with incident CKD in unadjusted analyses, but not when adjusting for clinical risk factors and baseline eGFR, with similar results seen for analyses examining the association of FGF-23 with eGFR slopes. In contrast to the ARIC and ACCORD findings, a smaller study of community dwelling, disabled, older women showed an independent association between FGF-23 and incident CKD (defined solely by clinical data based on estimated GFR), even in fully adjusted analyses [11] . None of these studies examined the association of FGF-23 with alternative measures of eGFR decline, such as a 30% decrease in eGFR from baseline or absolute decline in eGFR. Collectively, our data show that the associations between FGF-23 and less severe GFR decrements and incident CKD are weaker than those seen with ESRD and are therefore of unclear clinical significance.
There are multiple potential mechanisms that may explain the associations between FGF-23 and kidney-related outcomes. First, FGF-23 may simply be a sensitive biomarker of impaired kidney function or clearance as shown by its rise prior to other metabolic abnormalities seen in CKD [3, 24] . Supporting this finding, a study by Shardlow et al. [25] showed that in a cohort of people with stage 3 CKD, FGF-23 was associated with all-cause mortality and 25% decline in eGFR in univariate analysis but not in multivariable models adjusting demographics, baseline eGFR, and UACR, as well as for 25(OH) vitamin D and PTH levels. Second, the association may be related to FGF-23's known physiologic mechanisms of action. Elevations in FGF-23 appear to occur in response to states of phosphorus excess such as CKD or high phosphorus intake, suggesting that FGF-23 may be a sensitive marker of overall phosphorus burden [1] . Since excess phosphorus is thought to be a potential promoter of dystrophic calcification, which can ultimately lead to kidney function decline, this may partly explain an association of FGF-23 with kidney function decline. FGF-23 has also been hypothesized to contribute toward kidney damage, either directly or via an indirect pathway related to the induction of cardiac hypertrophy and subsequent CVD [26, 27] . FGF-23 levels also rise during episodes of acute kidney injury [28] (perhaps along with multi-organ dysfunction), which could provide an additional explanation as to why elevated FGF-23 concentrations may be more strongly associated with incident ESRD.
The use of an assay that detects only the intact FGF-23 peptide could also partially explain our results. This assay exclusively detects the intact form of FGF-23, as the 2 epitopes recognized by the ELISA are on either side of the proteolytic cleavage site [29] . A recent meta-analysis showed that studies utilizing the c-terminal assay, which detects intact FGF-23 as well as proteolytic fragments, demonstrate stronger associations with mortality compared to the Kainos assay [30] . The stronger c-terminal associations may in part be explained by confounding factors such as iron deficiency [31] and inflammation [32] , which increase FGF-23 cleavage and lead to higher levels of FGF-23 fragments, without impacting intact FGF-23.
The strengths of this study include a large and diverse cohort, detailed ascertainment of risk factors and repeated measure of kidney function over a moderate follow-up time period. We also utilized an assay that measures only the biologically relevant intact FGF-23; use of the c-terminal assay may yield FGF-23 levels including fragments that are increased in states of inflammation [32] . There are also several limitations to the current study. We did not have simultaneous assessment of both the exposure (FGF-23 assayed at year 2) and baseline kidney function, though the measures were within 1 year of each other, and it is not apparent if within subject changes in FGF-23 over time [33] impact associations with clinical events including ESRD. Additionally, our cohort did not include any participants with advanced CKD at baseline, so we are unable to generalize our results to a higher risk population, which would almost certainly have higher baseline FGF-23 concentrations.
In summary, we found an association between FGF-23 and some but not all measures of kidney function decline. These results suggest that FGF-23 is not a strong independent biomarker for GFR decline or incident CKD. Further study is needed to determine potential mechanisms that may explain why the relationship is weaker for more proximate clinical outcomes.
